High-voltage pulse discharges were generated between underwater two metallic Tin (Sn) wires in order to synthesize nanoparticles. Nanoparticles were synthesized in pure water or aqueous gelatin solution. In pure water, Sn and SnO 2 particles of approximately 5 nm in diameter were synthesized. However, synthetic particles in pure water had a problem of aggregation. The influence of gelatin solution on the particle size and dispersibility of the synthetic particles was investigated. In 10 mg/L gelatin aqueous solution, metallic Sn particles of approximately 40 to 400 nm in diameter were synthesized and were dispersing separately. From the peak width of X-ray diffraction (XRD) spectrum, the particle size was estimated using the Scherrer's equation. As a result, the minimum size was approximately 20 nm at 2 mg/L of aqueous gelatin solution. 
Introduction
In recent years, there has been an increasing demand for weight reduction and flexibility for electric devices, such as smart phones. Moreover, for the conventional manufacturing, the problems are arising due to the higher cost of the equipment required. Printed electronics is attracting increased attention as a solution to these problems. This is a nano-order wiring technology which uses the technology of an ink-jet printer for application, and metallic nanoparticles for "ink." Moreover, Sn nanoparticles are attracting attention as an alternative bonding material for solder, such as a low-temperature smelting solder alloy with a nano-composite structure, as well as a novel electrode material for lithium ion batteries.
The purpose of this research is to establish the technique of producing Sn nanoparticles from a bulk Sn material using the in-liquid plasma method. Various processes have been proposed for synthesis of nanoparticles ranging from solution dispersion 1) 2)
, the chemical reduction . In-liquid plasma is generated by applying radio frequency or microwave to generate an active reaction field in the liquid 22) 23) . The bulk metal evaporates in the high temperature field of the plasma, and then is rapidly cooled and condensed by the large temperature gradient between the plasma and its surrounding liquid. Thereby, production of nanoparticles is possible. Moreover, it becomes easy to collect the produced nanoparticles because they remain suspended in the liquid. Experimentation on production of nanoparticles by inserting metallic wires, using Zn In order to synthesize Sn nanoparticles, a different approach is required. Pulse discharge is an attracting method to synthesize nanoparticles at low temperature. The power applied for pulse discharge in water is usually lower than that of conventional in-liquid plasma which is 100 to 200 W.
In this study, synthesis of Sn nanoparticles by pulse discharge between the tips of two Sn wires in pure water was conducted. Moreover, in order to synthesize dispersed Sn nanoparticles, we used the aqueous gelatin solution, instead of pure water. The discharge characteristics and the synthesized particles were investigated.
Experimental
The experimental apparatus is shown in Voltage between the electrodes and current in the grounded electrode are measured using an oscilloscope (DPO4104, Tektronix). Voltage and current of the battery were also measured using the same oscilloscope, and the power consumption as calculated from these values was 15 W when the pulse was generated. The experiments were conducted at room temperature and atmospheric pressure.
Results and Discussion
The voltage and current waveform of the high voltage pulse in pure water is shown in Fig. 2 (a) . In pure water, the high voltage is generated on the negative Hereinafter the absolute value of the voltage is named "discharge voltage". At t = 0, the first discharge occurred and the voltage return to 0 kV or higher. After that, the voltage kept dropping and then the second discharge occurred. The discharge repeated several thousand times approximately in 1 ms. In Fig. 2 , each noise-wise spike of the current waveform shows discharge. It was confirmed using a photo-diode (S5973-02, Hamamatsu). The signal of the photo-diode which was faced to the discharge was fully synchronized with spike of the current waveform.
The voltage and current waveform of the high voltage pulse in aqueous gelatin solution of 10 mg/L is shown in Fig. 2 (b) . While the voltage falls down to the discharge voltage, weak discharges occurred several times.
These discharges are considered to occur due to black substances generated between the electrodes by long time discharges. The discharge voltage was approximately 3 kV, which was less than that in pure water.
The relationship between the discharge voltage and the distance between electrodes is shown in Fig. 3 . It was confirmed that synthesis speed increased with decrease of the distance between electrodes. The speed is related to the electric field which can be roughly estimated by dividing the voltage by the distance. The estimation applying the result in Fig. 3 gives an answer that larger electric field is generated at smaller distance.
Synthesis speed of nanoparticles can be obtained by comparing the length of the electrodes using photographs of the tip portion of the two electrodes taken before and after discharge. Both electrodes are worn down. The sequential pictures are shown in Fig. 5 , and the synthesis speed is found to be 0.5 mg/min from these pictures. It is supposed that the yield is almost 100%, because observable particles, whose size is larger than sub-millimeter order, were not generated during synthesizing nanoparticles and there are no particles whose diameter is larger than 1 μm in TEM images.
TEM images of particles synthesized in pure water and aqueous gelatin solution of 10 mg/L are shown in Fig. 6 (a) and (b), respectively. The sample was provided by drying 
Where D is the minimum diameter of particles, β is the value of the FWHM in radian, θ is the Bragg angle and λ is the wavelength of the X-ray. K represents the Scherrer's constant of 0.9.
The size of the particles is shown in Fig. 7 . The horizontal and the vertical axis represent the concentration of the gelatin and the particle size, respectively. In the case of pure water, the particle diameter was the maximum at approximately 80 nm, and when the aqueous gelatin solution was 2 mg/L, the particle diameter was the smallest at approximately 20 nm. Comparing the particle size calculated using the Scherrer's equation with that in the TEM image, the minimum of the particle diameter is almost the same as approximately 40 nm at 10 mg/L of the gelatin aqueous solution. Meanwhile, at 0 mg/L of the gelatin aqueous solution, which is pure water, the values between the two disagree. In the TEM image, although the individual size of particles is approximately 5 nm, the aggregates size of the particles seems to be close to 80 nm.
Conclusions
Nanoparticles were synthesized from metallic tin wires by high-voltage pulse discharges in water or aqueous gelatin solution using an ignition coil, and the following conclusions were provided.
In pure water, the synthetic rate was 0. 
